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Abstract
We analyze and compute, within a number of standard model (SM) extensions, the cross
sections σA→V V ′ for the production of a heavy neutral pseudoscalar Higgs boson/spin-
zero resonance at the LHC and its subsequent decays into electroweak gauge bosons.
For comparison we calculate also the corresponding cross sections for a heavy scalar.
The SM extensions we consider include a type-II two-Higgs doublet model (2HDM),
a 2HDM with 4 chiral fermion generations, the minimal supersymmetric extension of
the SM (MSSM), and top-color assisted technicolour models. Presently available phe-
nomenological constraints on the parameters of these models are taken into account. We
find that, with the exception of the MSSM, these models permit the LHC cross sections
σA→V V ′ to be of observable size. That is, a pseudoscalar resonance may be observable, if
it exists, at the LHC in its decays into electroweak gauge bosons, in particular in WW
and γγ final states.
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1 Introduction
The search for Higgs bosons or, more general, (spin-zero) resonances is among the major
physics goals of present-day collider physics, as the existence of such resonances and
the exploration of their properties (production and decay modes, quantum numbers)
would yield decisive clues for unraveling the mechanism of electroweak gauge symmetry
breaking (EWSB). There is an exhaustive phenomenology of the production and decay
modes of the standard model (SM) Higgs boson; likewise, there are extensive theoretical
studies of these issues for spin-zero (Higgs) particles predicted by popular SM extensions.
(For reviews see, e.g., [1] and [2–6], respectively.)
For the SM Higgs boson H with a mass mH & 130 GeV, signatures from the decay
modes4 H → WW (∗)/ZZ(∗) have the highest discovery potential for this particle at the
Tevatron [8] and at the Large Hadron Collider (LHC) [9, 10]. Concerning non-standard
neutral Higgs particles it is, in view of unknown model parameters, less clear as to which
decay channel is, for a specific production mode, the most promising one. However, the
decays A → WW/ZZ of a pseudoscalar Higgs boson A are expected to be strongly
suppressed. This is because the couplings AV V (V = W,Z) must be loop-induced,
and they turn out to be very small in two-Higgs doublet extensions (in large parts of
their parameter spaces) and in the minimal supersymmetric extension (MSSM) of the
SM [11, 12]. In view of this conventional wisdom one might be inclined to conclude
that the discovery of a spin-zero resonance in WW and/or ZZ boson events would
immediately suggest that it is a scalar, i.e., a JPC = 0++ state. We hasten to add that
many suggestions and phenomenological studies have been made how the spin and the
CP parity of a resonance can actually be measured for these decay modes, irrespective
of any theoretical prejudice [3, 13–21].
In this paper we address the question whether there are realistic scenarios which predict
the LHC reactions pp→ A→W+W−, ZZ to be of observable size. In fact, we analyze a
more general class of reactions, namely the production of a pseudoscalar state A and its
decay into electroweak gauge bosons, pp→ A→ V V ′, where V V ′ ∈ {ZZ,WW, γγ, Zγ}.
For comparison we also determine the cross sections pp→ H → V V ′ of a scalar H with
mass mH ≃ mA. We investigate these cross sections within several models that contain
a CP-odd and two CP-even spin-zero states, namely the MSSM, a type II two-Higgs
doublet model (2HDM) and its extension by a fourth generation of chiral fermions. We
briefly address also its extension by heavy vector-like quarks. Due to the non-decoupling
nature of Higgs-fermion couplings, the existence of new heavy fermions can enhance
both the production cross sections of Higgs bosons and the branching ratios of their
decays to V V ′. We also discuss top-colour assisted technicolour (TC2) as a paradigm
for scenarios with a relatively light composite pseudoscalar boson. Within each of these
models we determine the largest possible signal cross sections for pp → A → V V ′ by
scanning over the experimentally allowed region of the respective parameter space. We
4State-of-the-art predictions for H →WW/ZZ → 4 fermions were made in [7].
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take into account the constraints that result from the hadronic branching ratio Rb of
Z → bb¯, from flavour observables, from electroweak precision measurements, from direct
Higgs-boson searches at the Tevatron, and from theoretical principles/assumptions.
For all models discussed below we assume that the dynamics of the EWSB sector is such
that the electrically neutral Higgs resonances are CP eigenstates in the mass basis, at
least to very good approximation. It is well known that Higgs-sector CP violation leads
to neutral spin-zero mass eigenstates that are, in general, a mixture of a CP-odd and a
CP-even component, the latter of which has couplings toWW/ZZ already at tree-level.
In Section 2 we outline the approximations that we used in computing the cross sections
σ(pp → A,H → V V ′), the parameter-space scanning method, the phenomenological
constraints, and we list the tools used in this analysis. Section 3 contains our results for
the maximal allowed cross sections σA→V V ′ and σH→V V ′ within a type-II 2HDM with
Yukawa couplings widely used in the literature. In Section 4 we extend this analysis
to a 2HDM with a sequential fourth fermion generation. We comment also on results
within a 2HDM extended by heavy vector-like quarks. In Section 5 we compute the
maximum allowed cross sections σA→V V ′ within the so-called phenomenological MSSM
(pMSSM) [22], and in Section 6 the analogous calculations are performed for a composite
pseudoscalar and a scalar spin-zero resonance within TC2. Section 7 contains a summary
and our conclusions.
2 Approximations and Scanning Method
Here we make some general remarks on our approximations used for the computation
of the signal cross sections and the method we applied for the scans of the respective
parameter spaces of the models below. These models contain two CP-even spin-zero
states h andH (by convention the heavier one is denoted byH , except in the TC2 models
in Sect. 6) and a CP-odd state A. Since we are mainly interested in the production
of A and its decays into massive gauge bosons, we focus on pseudoscalars with mA &
200GeV. If the mass of A is significantly above the top-quark pair production threshold
then A→ tt¯ is the dominant decay mode in significant portions of the parameter spaces
of these models. In view of our aim of investigating whether or not the processes
pp→ A→ V V ′ are relevant for the LHC, we therefore consider, in the above non-SUSY
models, a pseudoscalar with mA . 2mt. Likewise, the investigation of pp→ H → V V ′,
made mainly for the purpose of comparison with the pseudoscalar cross sections, is
confined to scalars H with mH . 2mt. Furthermore, we compute also the total Tevatron
production cross section for the light Higgs boson h (whose mass is arbitrary in the non-
SUSY models below) and compare with experimental exclusion limits.
In each model we will use the narrow-width approximation in computing the cross
sections for the production of φ = A,H, h and its subsequent decay into V V ′ =
2
WW,ZZ, Zγ, γγ. To ensure the validity of this approximation, we constrain model
parameters such that the total width to mass ratio Γφ/mφ is always less than 0.2.
The dominant Higgs-boson production mechanism at the LHC is gluon fusion. For all
models discussed below, the corresponding partonic cross sections σ(gg → φ)BSM are
calculated in the effective coupling approximation [23]. In this approximation the cross
section σ(gg → φ)BSM in an SM extension is obtained by rescaling the SM cross section
by the ratio of φ→ gg decay widths:
σ(gg → φ)BSM ≈ σ(gg → Href)SM Γ(φ→ gg)BSM
Γ(Href → gg)SM , (1a)
where Href is a Higgs boson with mHref = mφ and SM couplings. In some models, for
instance the 2HDM or the MSSM at large tanβ, the bb¯ production mode becomes impor-
tant, too [24–26]. In these cases we approximate the bb¯ → φ cross section analogously
by
σ(bb¯→ φ)BSM ≈ σ(bb¯→ Href)SM Γ(φ→ bb¯)BSM
Γ(Href → bb¯)SM
. (1b)
The SM production cross sections and decay widths were calculated with FeynHiggs
[27]. For the production cross sections5 FeynHiggs includes NNLO QCD corrections
and NNLL soft gluon resummation effects by interpolating the tables from [29]. The
cross sections given below refer to the LHC at
√
s = 14TeV.
We have scanned the parameter space of each model, choosing parameter sets randomly
and discarding them if they violate theoretical or experimental bounds. The theoretical
bounds we considered include vacuum stability, perturbativity and tree level unitarity.
On the experimental side we implemented constraints from direct Higgs boson searches
at LEP2 and Tevatron by using HiggsBounds [30], fits of the oblique electroweak pa-
rameters S, T , and U [31, 32] and flavour observables measured in B-B¯ mixing and
b → sγ decays. More information on these bounds and their implementation in our
analysis is given below in the discussions of the individual models. We used an adap-
tive sampling technique along the lines of [33] in order to find those regions within the
allowed parameter space of each model where the signal cross sections are large.
Throughout this paper we will use the following SM parameters:
1/αem = 137.036 , αs = 0.118 ,
mZ = 91.19GeV , mW = 80.40GeV ,
mt = 172.6GeV , mb = 4.79GeV , mτ = 1.78GeV , Vtb = 1 . (2)
As to the 2HDM extensions discussed in this paper, we use conventional type-II Yukawa
interactions (cf. the comment at the end of Section 3); i.e. the Yukawa couplings of
the quarks and leptons of the first and second generation are assumed to be small.
Therefore, their interactions with the Higgs resonances will be neglected in the analysis
below. For the calculation of the decay widths at one-loop we used FeynArts 3.4
[34, 35] in combination with FormCalc 6.0 and LoopTools 2.3 [36, 37].
5See [28] for an overwiew of the NNLO QCD computations of σ(pp¯, pp→ φ+X).
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3 Type-II Two-Higgs Doublet Model
A simple class of SM extensions which contain a pseudoscalar Higgs particle are the two
Higgs doublet models (2HDM), where a second complex Higgs doublet is added to the
SM. Extensive literature exists on these models and their phenomenological implications
[38]. For the convenience of the reader, and in order to fix our notation, we provide here
a brief summary of the model parameters and the physical particle content.
Following the conventions of [39], we denote the two complex scalar doublets as Φ1 =
(φ+1 , φ
0
1)
T and Φ2 = (φ
+
2 , φ
0
2)
T. The most general SU(2)× U(1) invariant tree-level Higgs
potential can then be written as
V = m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 − [m212Φ†1Φ2 + h.c.]
+ 1
2
λ1(Φ
†
1Φ1)
2 + 1
2
λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
[
1
2
λ5(Φ
†
1Φ2)
2 + (λ6Φ
†
1Φ1 + λ7Φ
†
2Φ2)(Φ
†
1Φ2) + h.c.
]
. (3)
There are strong constraints on λ6 and λ7, since these are coefficients of terms which
give rise to flavour-changing neutral currents. We therefore set λ6 = λ7 = 0. To ensure
CP conservation in the Higgs sector at tree level we require the remaining parameters
to be real without loss of generality. If these parameters are chosen in such a way that
the electric charge is conserved, we can write the vacuum expectation values (VEVs) of
the Higgs doublets as
〈Φ1〉 = 1√
2
(
0
v1
)
, 〈Φ2〉 = 1√
2
(
0
v2
)
, (4)
with v1, v2 ∈ R, and v21 + v22 = v2 ≈ (246GeV)2 in order to obtain the correct W and
Z boson masses. After expanding the fields around their VEVs and diagonalising the
mass matrices, the real components of the Higgs doublets mix and yield two neutral
scalar mass eigenstates:
H = (
√
2Reφ01 − v1) cosα + (
√
2Reφ01 − v1) sinα , (5a)
h = −(
√
2Reφ01 − v1) sinα + (
√
2Reφ01 − v1) cosα . (5b)
By convention, h denotes the lighter of the two states. In addition,the physical particle
spectrum contains one neutral pseudoscalar state A and a charged Higgs boson and its
conjugate, H±. Expressions for the mixing angle α, v1, v2 and the mass eigenvalues
mh, mH , mA, and mH± in terms of the parameters of the Higgs potential can be found
in [39]. Using these expressions, we can describe the 2HDM parameter space by the
following set of independent parameters:
tan β ≡ v2/v1 , β − α , mh , mH , mA , mH± , λ1 . (6)
As already mentioned above, the Yukawa sector we use here is that of a type-II model,
i.e., the doublet Φ2 couples only to up-type fermions and Φ1 only to down-type fermions.
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Experimental bounds on this type of 2HDMs have been discussed in several papers, in-
cluding [40–43]. More recently a comprehensive study of the allowed parameter space
of the (CP -violating) type II 2HDM was performed [44], which combined several the-
oretical and experimental constraints. The theoretical constraints considered in that
work are positivity of the Higgs potential, tree-level unitarity of the S matrix [45],
and perturbativity. On the experimental side the relevant bounds come from direct
Higgs-boson searches at LEP2 and the Tevatron, LEP measurements [46] of the oblique
electroweak parameters6 S, T and U and of the ratio Rb = Γ(Z → bb¯)/Γ(Z → hadrons).
There are also several constraints on the 2HDM parameter space from flavour physics.
The strongest ones come from observables measured in B-B¯ mixing and B → Xsγ
decays [44]. The bounds from Rb, B-B¯ mixing, and B → Xsγ decays only constrain
the parameters tan β and mH± and become relevant for mH± . 300GeV or tanβ . 1.
However, their combination with bounds from the oblique electroweak parameters can
still constrain the neutral Higgs boson sector, because the states H± with a mass that
is very different from the neutral Higgs-boson masses leads to large contributions to T .
Combining the constraints from Rb and the oblique electroweak parameters, we obtain
the lower bound
tanβ & 0.7 (7)
on this parameter.
Our scans of the parameter space of the 2HDM, which lead in particular to the bound (7),
were made as described in Section 2. The experimental and theoretical constraints were
implemented by interfacing with several publicly available codes. Positivity, tree-level
unitarity and perturbativity were checked with 2HDMC 1.0.6 [49]. The perturbativity
bound was implemented by requiring that the dimensionless couplings from the Higgs
potential satisfy |λ1|, . . . , |λ5| < 4π. The bounds from direct Higgs-boson searches at
LEP2 and the Tevatron were checked with HiggsBounds 1.2.0 [30], which provides a
model-independent method for deciding whether or not a specific parameter is excluded
at 95% C.L. The oblique electroweak parameters were calculated with FeynArts 3.4,
FormCalc 6.0, and LoopTools 2.3. The numerical results were compared with those
computed by 2HDMC and perfect agreement was found. In the relevant parameter space
region of the 2HDM the contribution to U is too small to lead to any constraints. The
best-fit values of S and T , their standard deviations and correlation coefficient were
taken from [50, 51]. In our scan we discarded model parameters that lie outside the
95% C.L. ellipse in the S-T -plane. Model parameters that violate the Rb bound at 95%
C.L. were discarded by using the respective equations from [41]. Finally, the flavour
physics bounds are obeyed by requiring mH± > 360GeV.
With these constraints we have computed the cross sections σA→V V ′, σH→V V ′ for the
LHC reactions pp→ A→ V V ′ and pp→ H → V V ′ using the approximations described
in Section 2. Figure 1 shows scatter plots of the combinations of σ(pp → H → V V ′)
and σ(pp → A → V V ′) (with V V ′ = WW,ZZ, γγ, Zγ) that we found within the
6In [47, 48] formulae were given for these parameters for multi-Higgs extensions of the SM.
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Figure 1: Scatter plots of the LHC cross sections σH→V V ′ versus σA→V V ′ in the 2HDM.
allowed parameter space. Separate parameter scans were performed for each final state.
The importance function (in the sense of [33]) was set to σ(pp → A → V V ′) if the
parameter set passes the constraints discussed above and to zero otherwise. This means
that the scanning algorithm seeks out those regions of the allowed parameter space
where σA is large. The density of the points in Fig. 1 does therefore not represent
a probability density under the assumption of a flat prior. It does, however, give a
qualitative measure of the amount of fine tuning required to obtain certain combinations
of cross sections. The figures show that for the γγ and Zγ final states a large cross
section σH is typically accompanied by a large σA. For the WW and ZZ final states
there is no strong correlation. We find that the maximum values of the cross sections
σA→V V ′ are
σ(pp→ A→WW ) . 0.7 pb , σ(pp→ A→ ZZ) . 0.03 pb ,
σ(pp→ A→ γγ) . 0.2 pb , σ(pp→ A→ Zγ) . 0.04 pb . (8)
There are two scenarios in which the cross sections σA→V V ′ become maximal simulta-
neously:
tanβ ≈ 0.75 , mA = 320GeV , mH± > 370GeV ,
β − α ≈ π
2
or mh > mA −mZ , (9)
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where the values in the first line hold for both scenarios. The cross sections σA are most
sensitive to tan β and mA. It is well known that small values of tanβ lead to larger
production rates for pseudoscalar Higgs bosons, because the main Higgs production
mechanism at the LHC is gg → φ mediated by a top-quark loop with the Att¯ coupling
being proportional to cot β. At the same time the A→ V V ′ partial widths are enhanced,
because they are dominated by top-quark loops. The above lower bound onmH± is then
necessary for avoiding the Rb bound. If the mass of the pseudoscalar A is sufficiently
large but below the tt¯ threshold then there is no phase-space suppression of the decays
into massive gauge bosons while the competing decay channel A → tt¯ is closed. As
A → bb¯ has a small rate for tanβ ∼ 1, the A → Zh decay would be the dominant one
in this case. However, this decay can be parametrically or kinematically suppressed,
which then further increases the A → V V ′ branching ratios. This corresponds to the
two options in (9). Kinematical suppression takes place if the light Higgs boson h is
sufficiently heavy while parametric suppression happens if β − α ≈ π/2. This takes us
close to the so-called decoupling limit, which is defined by mH , mA, mH± ≫ mh and
cos(β − α)≪ 1 [39]. In this limit the couplings of h to the weak gauge bosons are SM-
like, while the (tree-level) couplings of the heavy Higgs boson H to WW and ZZ and
thus H →WW,ZZ are suppressed. Moreover, the A→ Zh partial width is suppressed
by a factor of cos2(β−α). However, the pp→ H →WW,ZZ cross sections can still be
of the order of 10 pb in this scenario, if β − α is only slightly different from π/2.
In a second series of scans we took the cross sections σH→V V ′ to be the respective
importance function and found the following upper limits:
σ(pp→ H → WW ) . 26 pb , σ(pp→ H → ZZ) . 10 pb ,
σ(pp→ H → γγ) . 0.016 pb , σ(pp→ H → Zγ) . 0.1 pb . (10)
Here the maximal values are also reached for tan β ≈ 0.75, because the Htt¯ coupling is
proportional to 1/ sin β; i.e., small tanβ increases the gg → H production cross section.
Accordingly, the Rb bound requires the H
± to be sufficiently heavy. Furthermore, h
should be heavy enough so that H → hh decays are kinematically forbidden. However,
unlike the above cross sections for A, the cross sections (10) do not reach their maximal
values in the same region of parameter space. The cross section for the γγ final state is
maximal for parameters similar to those in (9):
tanβ ≈ 0.75 , mH = 265GeV , mH± > 370GeV ,
β − α ≈ π
2
, mh > mH/2 . (11)
These values of β − α suppress the H → WW,ZZ decays, which would otherwise give
large contributions to the total H width. Of course, the cross sections for the WW and
ZZ final states are maximal in a region where these decays are not suppressed:
tanβ ≈ 0.75 , mH = 220GeV , mH± > 370GeV ,
α ≈ π
2
, mh > mH/2 . (12)
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The cross section for the Zγ final state reaches its maximum in a very different region of
parameter space, namely where the H → WW,ZZ decays are kinematically forbidden
and the dominant contribution to the H → Zγ decay width comes from bosonic loops:
tanβ ≈ 0.9 , mh = mH = 150GeV ,
mA, mH± > 315GeV , α ≈ π
2
. (13)
The type II 2HDM we considered here is a popular subject of investigations due to its
close relation to the Higgs sector of the minimal supersymmetric SM. It is, however, by
no means the only possible choice for a 2HDM Yukawa sector. Extending the present
analysis to a wider range of 2HDM models could be a subject for future studies. An
interesting variant of a 2HDM, based on the requirement of maximal CP invariance,
was proposed in [52], and its LHC phenomenology was investigated in [53]. This model
contains an SM-like scalar h1, while the two other physical neutral Higgs boson states h2
and h3 have unusual Yukawa couplings. Moreover, both h2 and h3 do not have tree-level
couplings to WW and ZZ.
4 A Heavy Fourth Generation
Recently, there has been renewed interest in the phenomenology of the SM extended by
a sequential fourth generation of heavy chiral quarks and leptons (SM4). It was found
[54–56] that such fermions with masses in the (few) hundred GeV range can exist,
in spite of strong experimental constraints. The presence of a heavy fourth generation
would certainly affect the cross sections for Higgs-boson production at the Tevatron and
the LHC, because the dominant production mode, gg → φ, would receive additional
contributions from loops of the fourth generation quarks. Additionally, the partial
widths of the loop-mediated φ → V V ′ decays would be affected. Since, in this paper,
we are mainly interested in pseudoscalar Higgs bosons, we will now study the extension
of the type II 2HDM from the last section by a fourth generation of chiral fermions
(2HDM4). We denote the additional fermions by u4, d4, ℓ4 and ν4 and assume ν4 to
be a Dirac particle. For simplicity we also assume that the mixing between the fourth
and the first three generations is strongly suppressed. It is, however, worth noting that
studies [57, 58] of the SM plus a fourth generation with a general unitary 4 × 4 CKM
matrix showed that large mixing between the fourth and the first three generations is
still allowed experimentally.
The strongest constraints on the masses of the additional fermions come from direct
searches at LEP2 and at the Tevatron, and from electroweak precision observables. Non-
observation at LEP2 implies the lower bounds mℓ4,ν4 & 100GeV. Searches for heavy
quarks at the Tevatron lead to the bounds mu4 > 311GeV [59] and md4 > 338GeV [60].
Experimental bounds on the S, T , and U parameters additionally constrain the mass
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Figure 2: Scatter plots of the LHC cross sections σH→V V ′ versus σA→V V ′ in the 2HDM4.
splittings within the SU(2) doublets. Large mass splittings of the IW = ±1/2 partners
of a doublet yield large corrections to the T parameter, while small mass splittings result
in large contributions to the parameter S.
For our parameter scans we used the same bounds and tools as for the 2HDM in Sec-
tion 3. We modified our calculations of the S, T , and U parameters and included the
contributions from the extended Higgs sector and the fourth generation fermions. The
latter contributions were compared to the results from [54] and perfect agreement was
found. To ensure perturbativity of the Yukawa sector we required that the Yukawa
couplings of the new fermions lie between −4π and +4π. Finally, the above-mentioned
lower bounds on the masses of the fourth generation fermions were used:
mℓ4,ν4 > 100GeV , mu4 > 311GeV , md4 > 338GeV . (14)
Figure 2 shows scatter plots of the resulting cross sections σH→V V ′ and σA→V V ′ for the
various final states. The maximum allowed values of the cross sections for A are:
σ(pp→ A→WW ) . 3.2 pb , σ(pp→ A→ ZZ) . 0.40 pb ,
σ(pp→ A→ γγ) . 3.0 pb , σ(pp→ A→ Zγ) . 0.26 pb . (15)
They are about one order of magnitude larger than the corresponding bounds in the
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three-generation 2HDM. All the cross sections reach their maximal values in the follow-
ing region of parameter space:
tanβ ≈ 6.3 , mA ≈ 260GeV , mH± ≈ 360GeV , α ≈ β − π
2
,
mν4 ≈ 100GeV , mℓ4 ≈ mA/2 . (16)
The cross sections σA→V V ′ have only a weak dependence on the model parameters that
are not stated in (16). Of course, these parameters are subject to the experimental
and theoretical constraints of Section 2. Interestingly, a degenerate fourth generation
quark doublet is still allowed in the 2HDM4, even though it would be excluded in the
SM4. The reason is that the large contribution to S from the degenerate quark doublet
combined with the large contribution to T from the extended Higgs sector pushes the
model back into the 95% C.L. ellipse in the S-T -plane. For the parameters above and
mu4 = md4 ≃ 330GeV the shifts in S and T with respect to the SM, with a Higgs-boson
whose mass is 117GeV, are
∆S = 0.22 , ∆T = 0.20 . (17)
The main reason for the large cross sections σA→V V ′ in this model is a dramatic increase
of the pseudoscalar production rate σ(gg → A), as compared to the 2HDM with three
generations. This increase is due to additional contributions from loops of the fourth
generation quarks. The couplings of A to up-type (down-type) quarks are proportional
to cot β (tan β). As we use conventional type-II Yukawa interactions both types of
couplings are proportional to the respective fermion mass. Since the 2HDM4 contains
a heavy down-type quark d4, the Ad4d¯4 coupling becomes strong for large values of
tanβ. The value of tan β is bounded from above by the perturbativity constraint on
the Yukawa couplings of the fourth generation fermions, which yields tanβ . 6.3.
The constraints from Rb and b → sγ impose a lower bound on tanβ and thus on the
strength of the Au4u¯4 coupling, but it is the maximally allowed value tan β ≈ 6.3 that
leads to the bounds (15). For this value of tan β the gluon-fusion induced LHC cross
section σ(gg → A) can become as large as ∼ 840 pb in the 2HDM4. The resulting
huge pseudoscalar Higgs-boson production rate would of course dramatically increase
the likelihood for A being discovered in other decay modes like A → bb¯, A → τ τ¯ , or
perhaps even in A→ gg dijet events. With the parameters that yield σ(gg → A) = 840
pb we obtain the branching ratios
B(A→ gg) ≃ 0.46 , B(A→ bb¯) ≃ 0.43 , , B(A→ τ+τ−) ≃ 0.05 . (18)
The ττ final state allows also for a determination of the CP quantum numbers of the
Higgs-boson resonance [61, 62].
If the values of β − α and mA are as in (16) and if mH is sufficiently large, we are in
the decoupling limit [39]. As far as the Yukawa couplings are concerned, for tan β ∼ 6.3
only the couplings of the heavy Higgs bosons to down-type quarks are enhanced, while
10
the couplings of the light Higgs boson have similar magnitudes as the SM couplings, but
the huu¯ and hdd¯ couplings differ by a sign for α > 0. The u4- and d4-loop contributions
to the gg → h amplitude depend sensitively on α. For α being small and positive
there are cancellations. In fact, for α = π/2 − β and mu4 = md4 the u4- and d4-
loop would almost exactly cancel, and the h production cross section at the Tevatron
would essentially be the same as the SM cross section. Disregarding this extreme fine
tuning we consider a set of values α in the vicinity of (16) and mu4 , md4 such that the
gluon-fusion induced Tevatron production cross section σ(gg → h) is about four times
larger than the SM rate. (Without the extended Higgs sector one would expect a factor
of 9.) If one takes into account the other production modes that are relevant at the
Tevatron, qq¯′ → Wh, Zh, one finds that the total Tevatron h production cross section
is larger than the SM cross section by a factor of about 3.5. This does not invalidate
this “maximum scenario”. A closer analysis, using HiggsBounds [30], yields that for
the parameters in (16) that a light Higgs boson h with a mass between 145GeV and
194GeV is excluded by the data from direct Tevatron searches. The recently published
data [8] will widen this exclusion window, but will not falsify the above scenario.
While pseudoscalar Higgs-boson production via gluon fusion can only be mediated by
quark loops, the decays into electroweak gauge bosons can also be mediated by loops
of leptons or neutrinos. As the mass bounds from direct searches for fourth generation
leptons are still relatively low, it is possible to construct a situation where mA is close to
the ℓ4ℓ¯4 threshold. In that case the ℓ4-loop contribution to Γ(A→ V V ′) is kinematically
enhanced, which leads to larger branching ratios. However, since fixed order calculations
are unreliable at threshold we conservatively require a minimum difference of 10GeV
between mℓ4 and mA/2. The upper limits (15) for the pseudoscalar cross sections
were obtained with this requirement and might actually be slightly bigger. For the
ZZ, γγ and Zγ final states the branching ratios could be further increased by setting
mν4 ≈ mA/2, too. However, it turns out that the constraints on S and T forbid such a
choice of parameters.
The upper limits on the cross sections for the heavy scalar Higgs boson are:
σ(pp→ H →WW ) . 280 pb , σ(pp→ H → ZZ) . 110 pb ,
σ(pp→ H → γγ) . 0.41 pb , σ(pp→ H → Zγ) . 0.045 pb . (19)
The cross sections associated with the loop-induced H decays, σ(pp → H → γγ, Zγ),
become maximal simultaneously with the cross sections σA→V V ′ , i.e. for the parameters
(16). For the cross sections σ(pp→ H → WW,ZZ) the relevant parameters are tan β,
mH , β − α and mh. The maximal values are reached for
tanβ ≈ 5.7 , mH ≈ 210GeV , β − α ≈ π
4
, mh > mH/2 . (20)
This can be understood as follows: the couplings ofH to up-type quarks are proportional
to sinα/ sinβ while its couplings to down-type quarks are proportional cosα/ cosβ.
Therefore, for reasons analogous to those discussed for the A production cross sections,
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the largest H production rates are obtained for large tanβ, i.e. for an enhanced Hd4d¯4
coupling. This coupling is increased further if the mixing angle α is small. However,
the (tree-level) partial widths for H → WW,ZZ are proportional to cos2(β − α) and
would be suppressed for large tanβ and a small α. In the search for the largest cross
sections σ(gg → H → WW,ZZ), the best compromise turns out to be the choice
β − α = π/4. Within the region of mH values allowed by direct Higgs-boson searches,
the gg → H → WW,ZZ cross sections steadily increase for decreasing mH , i.e., the
largest cross sections are obtained for relatively small mH . Finally the mass mh of the
light Higgs boson must be large enough so that the competing H → hh decay mode is
kinematically forbidden. The masses of the fourth generation fermions have very little
influence on the gg → H → WW,ZZ cross sections in this scenario, as long as they are
in agreement with the mass bounds (14) and the constraints on S and T .
A more exotic possibility for new heavy fermions are vector-like quarks, i.e., quarks
whose left- and right-chiral components have equal gauge charges (see, e.g. [63–66]).
Such states are present in a number of SM extensions, including extra dimensional
models with bulk fermions [67] and Little Higgs models [68]. In [69] we presented an
extension of the 2HDM by one SU(2) singlet and two doublets of vector-like quarks
and computed the loop contributions of these new fermions to the pseudoscalar decay
widths. However, if the constraints from the oblique electroweak parameters are applied
to this model it turns out that these contributions do not alter the results presented for
the three-generation 2HDM in section 3 in any noticeable way.
5 The MSSM
The decays of the scalar Higgs bosons in the MSSM have already been discussed in detail
in the literature. (See [2] for a review.) In this section we will therefore concentrate
on the cross sections σ(pp → A → V V ′) for the pseudoscalar Higgs boson A. In [12]
the branching ratios of A into gauge bosons were calculated under the assumption that
all SUSY particles are too heavy to yield relevant contributions to the effective AV V ′
couplings. However, experimental bounds on chargino and neutralino masses are still
relatively weak and values as low as 100GeV or 60GeV, respectively, are still possible.7
We have therefore extended the results of [12] to include the contributions of SUSY
particles to the loop-mediated gg → A production mechanism and the A→ V V ′ decays.
We will see that these contributions are relevant in those regions of the MSSM parameter
space that maximize the pp → A → V V ′ cross sections. To avoid misunderstandings:
we consider here the MSSM with three generations.
The Higgs sector of the MSSM is that of a type-II 2HDM discussed in section 3, but
with a much more restricted parameter space. In the MSSM the masses of the neutral
7If the requirement of gauge unification at the GUT scale is dropped, the lightest neutralino could
even be massless.
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Higgs bosons and the mixing angle α are no longer independent parameters. At tree
level they can be expressed in terms of the pseudoscalar Higgs-boson mass mA and tanβ
as follows:
m2H± = m
2
A −m2W , (21a)
m2H,h =
1
2
[
m2A +m
2
Z ±
√
(m2A +m
2
Z)
2 − 4m2Zm2A cos2 2β
]
, (21b)
cos(2α) = − cos(2β)m
2
A −m2Z
m2H −m2h
, sin(2α) = − sin(2β)m
2
H +m
2
h
m2H −m2h
. (21c)
For MSSM scenarios with mA ≫ mZ these equations yield
mA ≈ mH , β − α ≈ π
2
. (22)
However, it is well-known that the tree-level relations (21) are substantially modified
by loop corrections to the MSSM Higgs potential. These corrections are responsible
for pushing the mass of the light Higgs boson substantially above the Z-boson mass
and have to be taken into account to obtain reliable results. In our scans we used
FeynHiggs 2.6.5 [27, 70–72] to calculate all one-loop and leading two-loop corrections
to the neutral Higgs-boson self-energies in the MSSM and to extract from them the
physical neutral Higgs-boson masses, LSZ residues, and the resulting effective mixing
angle αeff. We also use FeynHiggs for the calculation of the total Higgs-boson decay
widths.
As mentioned above, contributions from SUSY particles have to be taken into account
when calculating the amplitudes for the loop-mediated production or decay processes.
At the one-loop level, the decay amplitudes of the Higgs bosons receive also contribu-
tions from loops of squarks, sleptons, charginos and neutralinos. However, the squark
and slepton loop contributions to the pseudoscalar Higgs decays vanish since parity is
conserved in the bosonic sector of the MSSM. For the same reason the gg → A pro-
duction amplitude receives no new contributions, while the gg → H process is now also
mediated by squark loops.
The MSSM contains a large number of parameters due to the soft SUSY-breaking part
of the Lagrangian. To make phenomenological studies feasible, the number of free
parameters has to be reduced significantly. In this paper we will work in the so-called
phenomenological MSSM (pMSSM) [22], where the number of parameters is reduced to
22 by making several phenomenologically motivated assumptions, including the absence
of both new CP -violating phases and new sources of flavour violation. The independent
parameters of the pMSSM are
• tanβ and mA,
• the Higgs-Higgsino mass parameter µ,
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• the gaugino mass parameters M1, M2, and M3,
• the light sfermion mass parameters mq˜, mu˜R , md˜R , ml˜, and me˜R,
• the light sfermion trilinear couplings Au, Ad, and Ae,
• the third generation sfermion mass parameters mQ˜, mt˜R , mb˜R, mL˜, and mτ˜R ,
• the third generation trilinear couplings At, Ab, and Aτ .
For the exact definition of these parameters and a discussion of the assumptions un-
der which the MSSM parameter space reduces to this subset, we refer the reader to
[22]. Scanning this 22-dimensional parameter space and implementing the relevant ex-
perimental bounds, in particular those from direct searches of SUSY particles at the
Tevatron, is still a difficult task [73]. Fortunately the cross sections that we study in
this paper turn out to be insensitive to most of the parameters above. As a result we
still obtain reliable upper limits for the cross sections by scanning over an even smaller
number of parameters and imposing conservative sparticle mass limits in order to sat-
isfy the Tevatron bounds. Let us therefore take a moment to motivate our choice of
independent variables for the parameter scans.
In the three-generation 2HDM we obtained the largest (scalar and pseudoscalar) Higgs
production cross sections for tanβ . 1, because the gg → φ production mechanism is
enhanced in that case. In the pMSSM the bounds on the lightest Higgs-boson mass
(which now depends on tanβ) require tanβ & 3. In that case the Higgs production
rate due to gluon fusion is much smaller than for tanβ ∼ 1. However, for very large
values of tanβ the φbb¯ couplings are enhanced and the bb¯ → φ production mechanism
(at the LHC) can become the dominant one. In the pMSSM the largest Higgs-boson
production cross sections are obtained in this scenario. Of course the φ → bb¯ partial
decay widths then dominate the total width and the branching ratios for other decay
modes are suppressed. Nonetheless, the largest pp → φ → V V ′ cross sections are
obtained at large tan β. In this case the production cross sections σ(pp → φ) and the
total decay widths Γφ are both approximately proportional to the strongly enhanced
φbb¯ coupling. Thus any dependence on the pMSSM parameters that enters through
loop corrections to the φbb¯ vertices cancels when we compute the signal cross sections
σ(pp→ φ→ V V ′), because they are proportional to the ratio σ(pp→ φ)/Γφ.
For determining the relevant pMSSM parameters it is therefore sufficient to look at
the partial widths of the φ → V V ′ decay processes. As explained earlier, the only
SUSY particles contributing to the A→ V V ′ amplitudes are charginos and neutralinos.
Their masses and couplings depend only on the parameters tan β, µ, M1, M2, and mA.
The latter parameter enters through the Higgs mixing angle α. A dependence on the
other parameters is introduced if loop corrections to α are taken into account. The
loop corrections to α are calculated from self-energy corrections to the neutral scalar
Higgs propagators. The same self-energies determine the physical mass of the light
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Higgs boson, which in turn is subject to strong experimental constraints. The dominant
contributions to these self-energies come from loops of top quarks and top squarks, due
to the large top Yukawa coupling. We therefore expect our results to be also sensitive
to those pMSSM parameters which affect the top squark masses and couplings, i.e.
mQ˜, mt˜R , and At. For the H → WW,ZZ decays the situation is even simpler: the
scalar Higgs bosons couple to W and Z bosons at tree level with couplings proportional
to cos(β − α), and the dominant SUSY corrections to these vertices are obtained by
replacing α by αeff in the vertex factors.
These considerations motivate us to set
Au = Ad = Ae = Aτ = Ab = 0 ,
mq˜ = mu˜R = md˜R = ml˜ = me˜R = mQ˜ = mb˜R = mL˜ = mτ˜R ≡ mS . (23)
Furthermore we impose the GUT relation
M1 =
5
3
tan2 θW M2 (24)
and use
tanβ , mA , µ , M2 , M3 , mt˜R , At , mS (25)
as independent variables for the parameter scans. On this reduced parameter space we
apply the experimental constraints from direct Higgs-boson searches, as explained in
section 3. Furthermore we require that all charginos and neutralinos are heavier than
100GeV and 60GeV, respectively. The light top squark is required to be heavier than
100GeV while all other sfermions are taken to be heavier than 350GeV. Note that
bounds from fits to the oblique electroweak parameters are not applicable here, because
the MSSM contains new particles which couple directly to SM fermions.
Within these constraints we obtain the following upper limits on the cross sections of
the LHC reactions pp→ A→ V V ′:
σ(pp→ A→WW ) . 2.0 fb , σ(pp→ A→ ZZ) . 0.33 fb ,
σ(pp→ A→ γγ) . 0.27 fb , σ(pp→ A→ Zγ) . 0.75 fb . (26)
As mentioned earlier in this section, the maximal values are obtained for tanβ ∼ 20
and values slightly above this number. In accordance with [12] we find that the non-
SUSY contributions to the A → V V ′ decays lead to branching ratios below 10−6 in
this region of parameter space. However, the contributions from loops of charginos and
neutralinos can increase the branching ratios to the order of 10−5. The largest A→ V V ′
partial decay widths are obtained if mA is close to a two-chargino and a two-neutralino
threshold, while the largest A production rates are obtained for small mA. Therefore,
parameter space regions with the largest pp→ A→ V V ′ cross sections are characterized
by
mχ±
1
≈ mχ0
2
≈ 100GeV , mA ≈ 200GeV . (27)
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At tanβ = 20 this is realized for
M2 ≈ 127GeV , µ ≈ 220GeV . (28)
The other parameters from (25) have only a weak influence on σA→V V ′ , but must of
course be chosen appropriately to satisfy the experimental bounds on the pMSSM pa-
rameter space. In the subset of this space we consider here, the phenomenologically
acceptable models typically contain a light top squark with mt˜1 ∼ 120GeV and a heavy
stop with a mass between 550GeV and 600GeV.
6 Top-colour assisted technicolour
An alternative to the Higgs mechanism is EWSB triggered by the condensation of (new)
fermion-antifermion pairs. Phenomenologically viable scenarios of this type include
models based on the concept of top-colour assisted technicolour8 (TC2) [74], [4, 5].
These models have two separate strongly interacting sectors in order to explain EWSB
and the large top-quark mass. Technicolour interactions (TC) are responsible for most
of EWSB via the condensation of techni-fermions, 〈T¯ T 〉 (T = U,D), but contribute
very little to the top-quark mass mt. The top-colour interactions generate the bulk of
mt through condensation of top-quark pairs 〈t¯t〉, but make only a small contribution
to EWSB. The spin-zero states of TC2 are bound-states of of t, b and of the techni-
fermions. These two sets of bound-states form two SU(2)L doublets ΦTC ,Φt, whose
couplings to the electroweak gauge bosons and to t are formally equivalent to those of
a two-Higgs doublet model. The physical spin-zero states include
• a heavy neutral scalar HTC with a mass of order 1 TeV,
• a neutral scalar Ht which is a t¯t bound state. Its mass is expected to be of the
order 2mt when estimated a` la Nambu-Jona-Lasinio, but could in fact be lighter
[75].
• a neutral “top-pion” Π0 and a pair of charged ones, Π±, whose masses are predicted
to be of the order of a few hundred GeV [74, 76].
Several variants of TC2 were discussed in the literature, [4, 74]. Below we consider for
definiteness TC2 with one family of technifermions.
The couplings of spin-zero states to the weak gauge bosons and to the t and b quarks
can be obtained from an effective SU(2)L ×U(1)Y invariant Lagrangian involving the
doublets ΦTC ,Φt [77]. The interactions of the top quark with Ht and Π
0 are given by:
LY,t = − Yt√
2
t¯t Ht − Yπ√
2
t¯iγ5tΠ
0 , (29)
8Again, to avoid misunderstandings: we consider here TC2 models with three quark-generations.
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where Yπ = (YtvT −εtfπ)/v and (Ytfπ+εtvT )/
√
2 = mt. Here fπ denotes the value of the
top-quark condensate which is estimated in the TC2 models to lie between 40GeV .
fπ . 80GeV [74, 77]. Once fπ is fixed, vT is determined by the EWSB requirement that
f 2π + v
2
T = v
2 = (246GeV)2. The parameter εt denotes the technicolour contribution to
the top mass which is small by construction. The large top-quark mass thus amounts to
large top Yukawa couplings Yt, Yπ, e.g., Yt ≈ Yπ ≈ 3 for fπ ≃ 70 GeV and small εt. On
the other hand the couplings of Ht and Π
0 to b quarks are significantly suppressed as
compared with the SM Higgs bb¯ coupling. By construction, the top-colour interactions
do not generate a direct contribution to the mass of the b quark. In TC2 models,
the mass of the b quark is due to extended technicolour interactions and to top-colour
instanton effects. One may use the following effective coupling of Π0 to b quarks:
LY,b = −εb fπ√
2v
b¯iγ5bΠ
0 , (30)
where εb = mb
√
2/vT . With mb = 4.8GeV and fπ ≤ 80GeV one gets εb ≤ 0.03.
Experimental constraints on the TC2 models were analyzed in [78–81]. The relevant
constraints come from b → sγ decays, the LEP measurement of the hadronic Z → bb¯
branching ratio Rb and the oblique electroweak parameter T . The bound from b → sγ
decays is satisfied if εt . 0.1 [80]. The bounds on the parameters of the TC2 models
that result from Rb and T are considerably weaker than the corresponding ones in the
2HDM due to additional contributions from extended technicolour and topcolour gauge
bosons [79, 81]. In [79] it was found that top-pion masses as low as 280GeV are still
allowed for εt = 0.1 and fπ = 70GeV. In order to estimate the maximal values of the
LHC Π0 and Ht production cross sections
9, we have therefore chosen these parameter
values.
The main partonic production reaction of the neutral top-pion and of Ht is gluon fusion.
In many TC2 models [4, 74], technifermions do not have QCD charges and do therefore
not contribute to this reaction. The amplitudes gg → Π0, Ht are then dominated by
top-quark loops [74, 83–85]. As to gg → Ht, the contribution of topcolour gauge bosons
is negligible [85].
On the other hand, technifermions do contribute to the decays of the top-pion Π0 into
γγ, Zγ, ZZ. The technicolour component of the mass eigenstate Π0, which is part
of a SU(2)L triplet, has effective couplings to weak gauge bosons through the chiral
anomaly. These “anomalous” terms depend on the specific technifermion sector of
TC2, and can be determined by the respective chiral anomaly of the associated currents
[86, 87]. Here we consider for definiteness one family of technifermions. The respective
anomalous contributions to Π0 → γγ, Zγ, ZZ are readily computed; they can be found,
for instance, in [87, 88]. (Notice that the anomaly factor for Π0 →W+W− is zero.)
9In [82] the hadronic production of light techni-pions and their decays, in particular to two photons,
were investigated within several technicolour models.
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Figure 3: The LHC cross sections σ(pp → φ) and σ(pp → φ → V V ′) as functions of mφ
(with φ ∈ {Ht,Π0} and V V ′ ∈ {WW,ZZ, γγ, Zγ}) in TC2 with εt = 0.1 and fπ = 70GeV.
Figure 3 shows the LHC production cross sections for Ht, Π
0 and the cross section times
branching ratios for the WW , ZZ, γγ and Zγ final states as functions of the mass of
the respective resonance for the parameters given above. We see that the Ht and Π
0
production rates are quite large with values of 100 pb and 200 to 500 pb, respectively.
If mHt is below the tt¯ threshold, the Ht decays dominantly into WW and ZZ for the
above parameter values, and we obtain cross sections σ(pp→ Ht → WW,ZZ) of about
60 pb and 25 pb, respectively. The loop-mediated decays into γγ and Zγ have only
very small branching ratios. The top-pion Π0 decays dominantly into gluon pairs if
Π0 → tt¯ is kinematically forbidden. The cross sections become maximal if the mass of
the decaying particle is just below the tt¯ threshold. For mΠ0 = mHt = 340GeV we have
σ(pp→ Π0 →WW ) = 4.9 pb , σ(pp→ Ht →WW ) = 57 pb ,
σ(pp→ Π0 → ZZ) = 0.41 pb , σ(pp→ Ht → ZZ) = 26 pb ,
σ(pp→ Π0 → γγ) = 0.39 pb , σ(pp→ Ht → γγ) = 0.02 pb ,
σ(pp→ Π0 → Zγ) = 0.19 pb , σ(pp→ Ht → Zγ) = 0.003 pb . (31)
Without the anomalous contributions σΠ0→γγ would be larger by a factor ∼ 2.5, while
σΠ0→ZZ would decrease by about a factor ∼ 2. The cross section σΠ0→Zγ remains
essentially unchanged.
It is worth emphasizing that the cross sections for Π0 → γγ, Zγ are much larger than
the corresponding ones for Ht. As to the possible size of the ratio σΠ0→V V /σHt→V V (V =
W,Z) the values in (31) are, for the specific technifermion sector, rather conservative.
This ratio increases for smaller values of fπ.
If Π0 or Ht are heavier than 2mt they decay dominantly into tt¯ pairs and the branching
ratios of the other decay modes become very small.
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7 Summary and Conclusions
We have computed and analyzed the LHC cross sections for the production of a heavy
pseudoscalar Higgs boson A, and also those of a heavy scalar H , and their subsequent
decays into electroweak gauge bosons in several SM extensions. We determined and
scanned the phenomenologically allowed regions of the corresponding parameter spaces
in order to find the largest possible values of these cross sections. Within the non-SUSY
models analyzed here we considered spin-zero states A, H with masses mA,H . 2mt, for
reasons stated in Section 2.
For models with elementary Higgs fields, the largest cross sections σA→V V ′ for A were
found in the decoupling limit of a 2HDM with a fourth generation of chiral fermions
and tan β ≈ 6.3. The total LHC production rate for A can become of the order of
800 pb in this scenario, without violating bounds from direct Higgs-boson searches at
the Tevatron. The signal cross sections for the decays of A into electroweak gauge
bosons can then be of the order of a few picobarn.
In the 3-generation type-II 2HDM we found the largest cross sections σA→V V ′ in the
decoupling limit with tan β ≈ 0.75. For the WW and γγ final states the maximum
values are of the order of 0.1 pb. For the ZZ and Zγ final states they are smaller by
about one order of magnitude. Extending the 2HDM by vector-like quarks in the way
as was done in [69] does not change the maximum allowed values of the cross sections
significantly.
In the MSSM we obtained the largest pseudoscalar cross sections for large tan β and
for a spectrum where mA is close to both a two-chargino and a two-neutralino thresh-
old. Loops of charginos and neutralinos then yield the dominant contributions to the
A → V V ′ decay rates. However, the resulting signal cross sections are at most a few
femtobarn.
Finally we studied topcolour-assisted technicolour as a paradigm for models with com-
posite spin-zero states. Though conceptually very different, the “Higgs sector” of this
model and the couplings of the spin-zero particles to top quarks and electroweak gauge
bosons corresponds to a 2HDM with small tanβ. Experimental constraints on the pa-
rameter space of these models from measurements of Rb and the ρ parameter are relaxed
due to contributions from technicolour and topcolour gauge bosons. In a TC2 model
with one family of technifermions, the maximal allowed signal cross sections for decays
of the pseudoscalar top-pion Π0 into electroweak gauge bosons are of the order of 5 pb for
Π0 →WW and between 0.1 pb and 0.5 pb for Π0 → Zγ, γγ, ZZ. The amplitude of the
strongest decay mode, Π0 → WW , is actually insensitive to the specific technifermion
sector.
In conclusion we found that, with the exception of the MSSM, all the models analyzed
above permit the cross sections for pp → A → V V ′ to be of observable size at the
LHC, in particular for A→WW, γγ. The cross sections σA→γγ and σA→Zγ are typically
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one to two orders of magnitude larger than the corresponding ones for a heavy scalar
H . Moreover, it is also possible that σA→WW is of the same order of magnitude as
σH→WW , as Figs. 1 and 2 show. Obviously this does not mean that these are the
most probable channels for discovering A. Very likely, the discovery modes would be
A→ bb¯, τ+τ−, Zh, or A→ tt¯, depending on the mass spectra and coupling strengths.
But a pseudoscalar resonance would then be observable at the LHC also in its decays
into electroweak gauge bosons, in particular in WW and γγ final states.
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